Abstract. The Whitewater Arroyo virus (WWA) is a newly described North American arenavirus. The purpose of this study was to elucidate the biology of this virus in its natural rodent host, Neotoma albigula (white-throated woodrat). Thirteen adult, 7 juvenile, and 8 newborn woodrats each were inoculated subcutaneously with 1,000 cell culture infectious dose 50 of the WWA virus prototype strain AV 9310135. All 28 animals became infected (as measured by the recovery of infectious virus and/or seroconversion) and no overt illness was associated with infection. Infection and virus shedding in the adult animals were transient (less than 59 days) whereas virus shedding in animals inoculated at birth persisted through 164 days of age. These results indicate that the duration of WWA virus infection in N. albigula is dependent upon the animal's age at the onset of infection and that neonatal infection can result in chronic (perhaps lifelong) virus shedding.
INTRODUCTION
Rodents are the principal hosts of arenaviruses for which natural host relationships have been well characterized. Six arenaviruses are known to cause severe disease in humans. Lymphocytic choriomeningitis (LCM) virus, the prototypical arenavirus, is an agent of acute central nervous system disease and congenital malformations. 1, 2 Lassa, Junin, Machupo, Guanarito, and Sabiá viruses are etiologic agents of hemorrhagic fever in western Africa, Argentina, Bolivia, Venezuela, and Brazil, respectively. 3, 4 Humans usually become infected with arenaviruses by contact with infected rodents or infectious rodent excreta or secreta. Thus, knowledge of the natural rodent host relationships and duration of virus shedding in infected rodents is essential to an accurate understanding of the epidemiology of an arenavirus.
The Whitewater Arroyo (WWA) virus is a newly recognized North American arenavirus. The first strains of this virus were recovered from Neotoma albigula (white-throated woodrat) collected from northwestern New Mexico. 5 Other evidence that N. albigula is a natural host of WWA virus includes the recovery of infectious WWA virus from whitethroated woodrats collected from western Oklahoma and southeastern New Mexico. 6 The purpose of the present study was to elucidate the biology of WWA virus infection in N. albigula.
MATERIALS AND METHODS
Safety. All work with infected rodents was done in a biosafety level 3 animal facility. Personal protective equipment worn by the laboratory personnel included the BreatheEasy powered air-purifying respiratory system and BreatheEasy 10 headpiece (Racal Health and Safety, Inc.; Frederick, MD), disposable gowns and shoe covers, and latex rubber gloves.
Virus. Inocula were prepared from a single stock of the WWA virus prototype strain AV 9310135. This strain was recovered from the kidney of a naturally infected N. albigula by cultivation in Vero E6 cells (ATCC: CRL 1586). 5 The passage history of the virus stock was Vero E6ϩ3. The infectious titer of the stock (as measured in monolayer cultures of Vero E6 cells) was 6.8 log 10 cell culture infectious dose 50 (CCID 50 )/1.0 ml.
Experimental animals. Experimental animals included 13 wild-caught and 18 captive-borne N. albigula. The wildcaught woodrats were captured in Otero County, southeastern New Mexico, by Texas Tech University scientists. The captive-borne animals represented 10 litters whelped by 5 woodrats collected from Otero County. Three litters were conceived prior to capture of the mother woodrats; the 7 other litters were conceived in captivity. All of the animals were free of arenavirus infection prior to inoculation with the experimental virus or exposure to inoculated animals.
Inoculation, husbandry and sampling of animals. Thirteen adult (aged more than 1 year), 7 juvenile (aged 4 to 6 months), and 8 newborn (aged less than 24 hrs) woodrats each were inoculated subcutaneously at 1 site over the scapular region with 0.2 ml of a suspension containing approximately 1,000 CCID 50 of the experimental virus. The inocula were prepared in cold, sterile 0.01 M phosphate buffered saline (PBS), pH 7.40. The 13 adult animals and 4 of the 7 juvenile animals were caged individually after inoculation; the 3 other juvenile animals each were caged with a littermate to assess rodent-to-rodent (intra-cage) virus transmission; and the 8 animals inoculated at 1 day of age (4 litters of 2 pups each) were caged with their mothers until 35-40 days of age. All animals were housed in polyester filterbonneted cages (microisolators) that were kept inside laminar flow bioisolator units. Strict barrier care was practiced throughout the study to prevent virus transmission between animals in different microisolators. Animal work was done in AAALAC-certified facilities and approved by the Animal Care and Use Committee, University of Texas Medical Branch.
Urine, oropharyngeal (OP) secretions, and blood were collected sequentially from each animal at varying intervals post-inoculation (PI) or following first contact with an inoculated animal. All samples were stored at Ϫ80ЊC until tested. Urine was collected by mid-stream catch, i.e., applying gentle pressure to the caudal abdomen and catching the urine in a sterile collection cup. The animal then was anesthetized with methoxyflurane (Metofane: Mallinkrodt Veterinary, Inc., Mundelein, IL) to facilitate collection of OP secretions and blood. The OP secretions were collected by swabbing the animal's oropharynx with a sterile cotton-tipped swab wetted with PBS containing 10% v/v heat-inactivated (56ЊC for 30 min) fetal bovine serum (FBS); then expressed from the swab by agitation in a sterile vial containing 0.3 ml of PBS-FBS. Blood was collected by puncture of the retro-orbital venous plexus, using a sterile Pasteur pipette.
The animals were terminated according to an established schedule. Each animal was subdued with CO 2 and then killed with chloroform. In the following order, OP secretions, urine, spleen, kidney, liver, lung, blood, and brain were collected immediately after death. Urine was collected by cystocentesis, using a 25-ga ϫ 5/8Љ hypodermic needle on a tuberculin syringe; blood was collected from the heart; and tissue samples or entire organs were collected, using sterile technique. All samples were stored at Ϫ80ЊC until tested.
Virus assay. The infectivity titers of the inocula were determined by using Vero E6 cell cultures in 24-well plastic plates (each well 1.78 cm 2 ). Serial 10-fold dilutions of each inoculum (through 10 Ϫ7.0 ) were prepared in PBS, and 50 l of each dilution was inoculated onto each of 4 confluent Vero E6 cell monolayers. The inoculated cell monolayers were incubated at 37ЊC for 60 min; then overlaid with 1.5 ml of a maintenance medium containing Earle's salts, 2% v/ v heat-inactivated FBS, 0.29 mg/ml L-glutamine, 1.6 mg/ml NaHCO 3 , 100 U/ml of penicillin, and 100 U/ml nystatin. The cultures were incubated at 37ЊC in a humidified atmosphere of 5% CO 2 in air. Cells were scraped from the monolayers on day 13 PI and coated onto 8-well teflon-coated glass microscope slides (Cel-Line Associates, Inc., Newfield, NJ). The cell spots were dried in air and fixed with cold acetone. Cell-associated arenavirus antigen was detected by using an indirect fluorescent antibody test (IFAT) described previously 5 in conjunction with a hyperimummune mouse ascitic fluid against the WWA virus prototype strain AV 9310135. Mouse antibody (IgG) bound to arenavirus antigen was detected by using a goat anti-mouse IgG fluorescein isothiocyanate conjugate (Cappel Laboratories, West Chester, PA). The infectivity (CCID 50 ) of each inoculum was estimated by the method of Reed and Muench. 7 Virus isolation was attempted on OP secretions, blood and urine samples (diluted 1:10 v/v in PBS-FBS), and tissue samples (prepared as 1:10 w/v suspensions in PBS-FBS). Briefly, 0.2 ml of a sample was inoculated onto a confluent monolayer of Vero E6 cells in a 12.5-cm 2 plastic cell culture flask. After adsorption at 37ЊC for 60 min, the culture was overlaid with 5.0 ml of maintenance medium and maintained at 37ЊC in a humidified atmosphere of 5% CO 2 in air. Half of the fluid overlay was replaced with fresh maintenance medium on day 7 PI. Cells were scraped from the monolayer on day 13 PI and spotted onto 8-well teflon-coated glass microscope slides. The cell ''spots'' were fixed in cold acetone and tested for arenavirus antigen by using the IFAT described above.
The kidney of 1 virus-positive animal was assayed for WWA virus-specific RNA to provide an assurance that the experimental animals were in fact infected with the WWA virus prototype strain AV 9310135. That animal was inoculated at birth and killed at 164 days of age. Total RNA was extracted from 30 mg of kidney tissue, using TRIZOL Reagent (Life Technologies, Inc., Grand Island, NY). The RNA extract was purified by using the RNeasy Mini Kit (Qiagen, Inc., Valencia, CA). Reverse transcription and polymerase chain amplification of a partial length region of the arenavirus nucleocapsid protein gene was carried out by using the Access RT-PCR Kit (Promega Corp., Madison, WI) in conjunction with oligonucleotides 1010C and NW1696R. 8 These oligonucleotides prime the reverse transcription and polymerase chain amplification of a 616-nt region near the 3Ј end of the WWA virus nucleocapsid protein gene. 5 Size separation of the PCR products was done by electrophoresis; and the PCR product of the expected size was purified from an agarose gel slice, using the QIAquick Gel Extraction Kit (Qiagen, Inc.). The purified PCR product was sequenced by using the dye termination cycle sequencing technique (Applied Biosystems, Inc., Foster City, CA) in conjunction with oligonucleotide 1010C; and the nucleotide sequence of the PCR product was compared to that of the homologous region of the nucleocapsid protein gene of the WWA virus prototype strain AV 9310135 (GenBank accession no. U52180).
Antibody assay. Blood samples were tested for antibody (IgG) against WWA virus, using an enzyme-linked immunosorbent assay (ELISA) described previously. 9 The test antigen was a sonicated, detergent (t-Octylphenoxypolyethoxyethanol [Triton X-100; Sigma Chemical Co., St. Louis, MO]) extract of Vero E6 cell monolayers infected with the WWA prototype strain AV 9310135. The control (comparison) antigen was prepared from uninfected Vero E6 cell monolayers in a manner that was quantitatively identical to that used to prepare the test antigen. Serial four-fold dilutions (from 1:80 through 1:1,310,720) of each blood sample were tested against the test and control antigens. Bound IgG was detected by using a mixture of goat anti-Rat IgG and goat anti-Peromyscus leucopus IgG peroxidase conjugates (Kirkegaard and Perry Laboratories, Gaithersburg, MD; catalog no. 14-16-06 and 14-33-06, respectively) in conjunction with the ABTS (2.2Ј-azino-di[3-ethyl-benzthiazoline sulfonate (6)]) Microwell Peroxidase Substrate System (Kirkegaard and Perry Laboratories; catalog no. 50-62-00). Optical densities (OD) at 410 nm (reference ϭ 490 nm) were measured with a Dynatech MRX II microplate reader (Dynatech Industries, Inc., McLean, VA). The adjusted OD (OD adjusted ) of a blood-antigen reaction was the optical density of the well coated with the test antigen minus the OD of the corresponding well coated with the control (comparison) antigen. The antibody titer of a blood sample was the reciprocal of the highest dilution of that sample for which the OD adjusted was Ն 0.250. The 0.250 cut-off value was based on an analysis of the reactivities (i.e., OD adjusted at the 1:80 v/v dilution) of the blood samples collected from the animals prior to inoculation or exposure to inoculated animals: 0.250 was slightly greater than the mean OD adjusted-80 plus three times the standard deviation of the OD adjusted-80 of the pre-inoculation (pre-exposure) samples.
RESULTS
The mean titer of the inocula was 1,000 CCID 50 (range: 980-1,208). The 28 animals inoculated with the experimental virus all became infected, as measured by recovery of infectious virus or seroconversion. The nucleotide sequence of the PCR product generated from the kidney of the viruspositive animal was identical to that of the corresponding Virus region of the WWA virus prototype strain AV 9310135 (GenBank accession no. U52180), confirming that the experimental animals were in fact infected with the experimental virus. Overt signs of infection were not observed in any of the inoculated animals. The results of the tests for infectious virus in OP secretions, blood, and urine, and ELISA antibody in blood from animals inoculated at age 1 year or older, 4-6 months, and 1 day are summarized in Tables 1, 2 , and 3, respectively. The results of the virus isolation attempts on tissues from these animals are summarized in Table 4 . Adult animals. The viremias and virus shedding in the animals inoculated at age 1 year or older were transient, i.e., less than 21 and 59 days, respectively. Infectious virus was recovered from multiple tissues (blood, brain, lung, and/or kidney) of each animal killed on or before day 28 PI, and none of tissues from the 2 animals killed on day 59 PI. Antibody (IgG) against WWA was detected in 1 of 12 animals on day 7 PI and all animals sampled on day 14 PI or thereafter.
Juvenile animals. Infectious virus was recovered from blood and other tissues from the animals killed on day 7 or 15 PI. No attempt was made to determine whether the recovery of virus from tissues other than blood (i.e., brain, lung, liver, kidney, and/or spleen) represented tissue-specific virus replication or contamination with virus-positive blood. Virus was recovered from 3 of the 4 animals killed on day 85 PI: brain, kidney, and urine, brain, and kidney and urine of 1 animal each. Antibody against WWA virus was detected in 2 of 6 animals on day 7 PI and all animals sampled on day 15 PI or thereafter.
On the day following inoculation, 3 of the juvenile woodrats were caged with 1 littermate each to assess the ability of experimentally infected woodrats to initiate intra-specific horizontal virus transmission. Each woodrat pair was maintained for a minimum of 28 days. Virus isolation attempts on the brains, spleens, and kidneys of the 3 cage contacts were negative. The results of the ELISA for arenavirus antibody in bloods and sera from these 3 animals also were negative. Collectively, these results indicate that none of the inoculated animals transmitted the virus to their uninoculated (naïve) cage contacts.
Newborn animals. The viremias and virus shedding in the animals inoculated at age 1 day were protracted when compared to the same in the animals inoculated at age 4-6 months or older. Virus was recovered from the kidneys and none of the other tissues from the 2 animals killed at age 109 days; the kidney of 1 animal killed at age 113 days; the brain, kidney, and spleen of the other animal killed at age 113 days; and the brains and kidneys of the 4 animals killed at age 121 or 164 days. Virus also was recovered from virtually all urine specimens and OP secretions collected from the 8 animals, starting at age 21 or 23 days. Antibody against WWA virus was first detected at age 21 or 23 days; the antibody titer in each animal increased through age 100-113 days; and the titers in the 4 animals killed at age 121 or 164 days all were Ն 1,310,720.
The woodrats inoculated at age 1 day were separated from their mothers at age 35-40 days and the 4 mother woodrats were killed 20-25 days later. Virus isolation attempts on the kidneys, spleens, and brains from the mother woodrats were negative. One mother woodrat was antibody-positive (titer ϭ 320) when her pups were aged 23 days; all 4 mother woodrats were antibody-positive (median titer ϭ 20,480; range ϭ 5,120-81,920) when their pups were aged 51-55 days. These antibody results indicate that neonatally infected N. albigula can initiate intra-specific horizontal virus transmission, at least during the acute phase of infection. The failure to recover infectious arenavirus from the mother woodrats is further evidence that WWA virus infections in adult N. albigula are transient.
DISCUSSION
Specific rodents (usually 1 or 2 closely related species) are the principal hosts of the arenaviruses for which natural host relationships have been well characterized. The dominant feature of these viruses is their ability to establish chronic infections in their respective principal hosts. In the laboratory, the chronic carrier state in rodents typically results from exposure to infectious virus early in ontogeny, i.e., prior to or soon after birth. 10 The results of the present study indicate that the duration of WWA virus infection in N. albigula is dependent upon the age of the animal at the onset of infection and that infection at birth can result in chronic (perhaps lifelong) infection. The results also indicate that infection at birth can result in persistent virus shedding in oropharyngeal secretions and urine.
Previous laboratory studies have established that the course and outcome of an arenavirus infection can be influenced by dose of inoculum, virus strain and passage history, route of exposure, and genetic background of the rodent host, as well as the age of the host at the onset of infection. In the case of LCM virus infection in Mus musculus, inoculation of adult mice with a high dose of infectious virus or with particular LCM virus isolates (strains) can result in persistent infections. 11 Further study is needed to determine the effect of virus, host, and other experimental factors on the course and outcome of WWA virus infection in adult and newborn N. albigula.
The 4 mother woodrats in the present study all became infected with WWA virus because of contact with their inoculated (infected) pups. In contrast, none of the 3 cage contacts of the animals inoculated at age 4-6 months became infected, even though each inoculated animal was infectious (i.e., shed infectious virus) during the period in which it was caged with its uninoculated (naïve) cage mate. These results suggest that neonatally infected animals can initiate intraspecific horizontal virus transmission more readily than animals that acquire their infections later in life. It remains unknown whether congenitally infected woodrats can transmit their infections in the chronic as well as the acute phase of infection.
Chronic infections in rodents appear to be crucial to the long-term persistence of arenaviruses in nature. The ability of WWA virus to establish chronic infections in experimentally infected N. albigula suggests that this rodent species is a principal (reservoir) host of WWA virus. Prospective studies on virus transmission dynamics in naturally infected rodent populations are needed to elucidate further the natural rodent host relationships, mode(s) of rodent-to-rodent virus transmission, and other aspects of the ecology of WWA virus. However, the results of the present study suggest that vertical (dam-to-progeny) virus transmission is an important and perhaps dominant mode of intergenerational virus transfer in N. albigula. This assessment assumes that persistent infection has little or no adverse effect on survival or agespecific fecundity in N. albigula in nature.
In the laboratory, female Mus inoculated with LCM virus prior to or shortly after mating can transmit their infections to a high proportion of their pups, 12 suggesting that there is a brief period in which infection of an adult rodent can result in congenital infection of a litter. Perhaps intra-specific horizontal virus transmission, including venereal transmission from congenitally infected male woodrats to naïve female woodrats, can result in congenital infection of a litter and thereby initiate the carrier state in subsequent generations of N. albigula. Knowledge of the familial (genealogical) relationships among N. albigula in infected rodent populations is needed to assess the relative importance of vertical versus horizontal virus transmission in the long-term maintenance of WWA virus in nature.
The results of the present study indicate that virus shedding in white-throated woodrats infected at birth is persistent whereas virus shedding in animals infected as adults is transient. Thus, congenitally infected woodrats likely pose the greatest risk of infection to humans. In nature, white-throated woodrats live mostly in wild areas but readily invade unattended human habitations (e.g., cabins). Consequently, the segment of the human population at greatest risk of WWA virus infection includes people participating in outdoor activities (e.g., backpackers, campers, and hunters) and workers involved in surveillance for rodent-associated zoonotic diseases. 
